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1
METHOD AND SYSTEM FOR STABLE
DYNAMICS AND CONSTANT BEAM
DELIVERY FOR ACCELERATION OF
CHARGED PARTICLE BEAMS IN A
NON-SCALING FIXED FIELD ALTERNATING
GRADIENT MAGNETIC FIELD
ACCELERATOR

FIELD

This application relates to continuous beam (CW) particle
accelerators, and in particular to non-scaling fixed field alter-
nating gradient (FFAG) machines in which charged particles
are confined to isochronous orbits while being accelerated to
a desired energy.

BACKGROUND

Accelerators are becoming increasingly important in medi-
cine, clean energy and national security. Accelerators can be
used for safer nuclear reactors, industrial irradiation, cancer
therapy and cargo inspection.

A strong economic consideration is accelerator footprint;
synchrotrons and linacs typically reserve much larger civil
accommodations. With its compact footprint and continuous
beam current, both high and low intensity, the cyclotron is the
current industrial and medical standard. A new player to
advanced accelerator applications is the Fixed Field Alternat-
ing Gradient Accelerator (FFAG), including a scaling FFAG
version and a more recent invention, a non-scaling FFAG.

The so-called scaling FFAG (either spiral or radial-sector
FFAGs) is characterized by geometrically similar orbits of
increasing radius. Direct application of high-order magnetic
fields and edge focusing maintains a constant tune and optical
functions during the acceleration cycle and avoids low-order
resonances. In general, scaling FFAG designs are not com-
patible with isochronous orbits and therefore not compatible
with CW operation.

The non-scaling FFAG was subsequently developed (C.
Johnstone, et al., “Fixed Field Circular Accelerator Designs”,
PAC °99, New York, P. 3068.). The non-scaling FFAG was
proposed for muon acceleration and utilized simple, com-
bined function magnets like a synchrotron. However, it did
not maintain a constant tune and was not suitable for an
accelerator with a modest RF system and a slower accelera-
tion cycle.

An initial approach to tune stabilization in a linear-field
non-scaling FFAG was developed (See U.S. Pat. No. 7,880,
146 B2; “Tune-stabilized, non-scaling, fixed-field, alternat-
ing gradient accelerator”, Johnstone, Carol J.) in which a set
of seven equations relate a number of parameters specifying
focus and defocus magnets together. A linear field condition
was assigned in order to stabilize machine tune, but given the
linear condition, compact stable orbits cannot be achieved at
near relativistic and relativistic energies.

Further, U.S. Publication No. 2012/013274 describes a
Non-Scaling FFAG Accelerator design, wherein the linear
field condition is removed in order to realize advanced
machine properties and optimal designs. The nonlinear field
condition, or high-order field, allows for more constant
machine tune as a function of momentum or energy and more
compact machines resulting in smaller apertures. Limits were
set on the extraction and injection radii for compact machines
in an optimizer search for stable solutions, but this is a con-
straint that does not reflect fundamental dynamics unlike
limits required on cell phase advance or tune. These addi-
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tional conditions were imposed only to guide the optimizer
search but do not comprise a solution.

With the cyclotron as the current industrial and medical
standard, a competing CW FFAG could potentially have a
broad impact on medical accelerators, proton drivers for neu-
tron production, accelerator-driven nuclear reactors, accel-
erator transmutation of waste (ATW), and production of
radiopharmaceuticals, as well as open up a range of as-yet
unexplored industrial applications.

SUMMARY OF THE INVENTION

In an embodiment, the present invention provides an accel-
erator system including a plurality of cells. Each cell includes
a focus magnet and a defocus magnet each configured to
create a magnetic field so as to confine and accelerate a
particle beam, the focus magnet being configured to focus the
particle beam in a horizontal direction and defocus the par-
ticle beam in a vertical direction, and the defocus magnet
being configured to focus the particle beam in a vertical
direction and defocus the particle beam in a horizontal direc-
tion. Each of the plurality of cells is configured to confine the
particle beam in an isochronous orbit during acceleration.
The accelerator system is a non-scaling fixed field alternating
gradient particle accelerator (FFAG).

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will be described in even greater
detail below based on the exemplary figures. The invention is
not limited to the exemplary embodiments. Other features
and advantages of various embodiments of the present inven-
tion will become apparent by reading the following detailed
description with reference to the attached drawings which
illustrate the following:

FIG. 1 shows a layout and certain parameters of half of a
configuration for a standard unit cell using a pair of FFAG
magnets;

FIG. 2 shows a layout and certain parameters of a half of'a
configuration for a standard unit cell of FFAG magnets;

FIG. 3 shows an entire FFAG magnet system as con-
structed from four identical unit cells to form a recirculating
ring layout for a 0.25-1 GeV machine;

FIG. 4 shows a 6- and a 7-cell version of a 0.33 to 1 GeV
isochronous FFAG magnet system;

FIG. 5 shows a full ring layout for a 4- and a 5-cell version
of a 30-330 MeV isochronous FFAG accelerator; and

FIG. 6 shows two low energy FFAGs constructed from
only F magnets.

DETAILED DESCRIPTION

In an embodiment, the present invention provides a non-
scaling FFAG accelerator in which charged particles are con-
fined to isochronous orbits while being accelerated to a
desired energy. In a further embodiment, the present inven-
tion provides a method by which a CW beam can be success-
fully controlled and accelerated in a non-scaling FFAG. In an
embodiment, the particle beam includes a proton beam.

The capability to produce a CW beam represents a signifi-
cant innovation over previous accelerators and greatly
extends the performance and applications of the non-scaling
FFAG in direct competition with the conventional cyclotron.
A CW non-scaling FFAG implies orbits in the accelerator are
isochronous, wherein the revolution time of a particle beam as
it accelerates is constant, and therefore a fixed-frequency
(rather than a swept-frequency) Radio Frequency (RF) accel-
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eration system can be employed. Fixed-frequency RF allows
the particle beam to be continuously injected and accelerated.

As described herein, a stable CW accelerator design for a
non-scaling FFAG can be achieved based on closed reference
orbits (geometry), stable machine tune (focusing strength of
field gradient combined with edge and centripetal focusing
effects), and constraint of total path length according to an
isochronous condition.

Compact high-performance devices like FFAG-type accel-
erators and cyclotrons often are operated in a regime where
space charge effects become significant. The strong focusing
attribute, particularly in a vertical of the FFAG, implies some
degree of mitigation of space-charge effects and possible
stable acceleration of higher currents.

In general, in a recirculating accelerator with fixed mag-
netic fields, stable orbits require that the integrated magnetic
strength scales with the central momentum of the particle
beam and that this strength accurately tracks with the desired
position of the particle beam as it moves outward across a
magnetic aperture during acceleration. In the case of most
cyclotrons, the magnetic field is near uniform in a radial
direction (azimuthally the field periodically increases and
decreases; i.e. the so-called hills and valleys) and particles
move outward, traversing longer and longer orbital paths
through the magnetic field as the energy increases. This
longer path length in magnetic fields, which is required for
beam confinement, is obtained using magnets with sector or
spiral-shaped pole faces. The field strength integrated over a
total path length must scale in proportion to momentum as the
beam accelerates.

In the case of a fixed field alternating gradient (FFAG)
accelerator, the magnetic field strength at a given point in
space does not vary in time, but unlike a conventional cyclo-
tron, the FFAG generally has a stronger spatial variation with
radius (a field gradient) to confine particles as they gain
energy and their orbits change accordingly, thus the magnetic
field frequently increases strongly as a function of radius.
This strong field gradient, which is an arbitrary gradient in the
case of anon-scaling FFAG, not only allows stronger but also
simultaneous control over important machine parameters
relative to the conventional cyclotron. Reverse gradients can
also be incorporated as in a synchrotron which has the added
potential of improving vertical plane optics.

Of particular importance to the isochronous invention is
simultaneous control over machine tune, which is the inte-
grated phase advance of a beam particle in one turn around the
accelerator in combination with the beam particle’s inte-
grated path length over this turn. Both the cell phase advance
and the corresponding machine tune in a storage or accelera-
tor ring are critical to confine beam and impose stable dynam-
ics. For isochronous acceleration, where the revolution time
is independent of energy, the path length must also be con-
trolled as a function of energy.

In an embodiment, a unique approach has been developed
to control cell phase advance, and therefore machine tune, to
promote stable beam optics along with path length, which is
the basis for the isochronous invention described herein. In
the examples that follow, an average radius is computed over
ahalf or full cell so that the integrated path length is given by
27mxR,,, .- Bach cell contains a focus magnet (F magnet) and a
defocus magnet (D magnet), each configured to create a mag-
netic field so as to confine and accelerate the particle beam.
The F magnet is configured to focus the particle beam in a
horizontal direction and defocus the particle beam in a verti-
cal direction, and the D magnet is configured to focus the
particle beam in a vertical direction and defocus the particle
beam in a horizontal direction. Thus, the isochronous condi-

10

15

20

25

30

35

40

45

50

55

60

65

4

tion can be imposed by making the average radius scale with
the relativistic velocity. Another implementation requires
only an F magnet with edge focusing applied for vertical
confinement.

Further, the isochronous non-scaling FFAG designs pre-
sented herein are completely periodic and constructed
entirely from a sequence of identical unit cells. The periodic
cell structure exhibits reflective symmetry, and therefore the
optics can be completely described by half of one of these
cells.

Examples of accelerators designed by the methods accord-
ing to the isochronous condition disclosed herein are pre-
sented in three separate energy regimes:

a) Nonrelativistic 50 keV-8 MeV low-energy proton accel-
erator with a preliminary isochronous performance at a
level of +/-1%;

b) Relativistic 30-330 MeV proton accelerators represent-
ing a momentum gain of 357%, with a preliminary iso-
chronous performance at a level of <1.5%; and

¢) Ultra-relativistic 0.25 and 0.33-1 GeV (kinetic energy)
proton accelerators, representing a momentum gain of
233% and isochronous at a level of <3% in a revolution
period.

These designs demonstrate the nature of a field behavior
required to construct an isochronous non-scaling FFAG in the
three separate energy regimes. These three energy regimes
require different field patterns and radial field profiles: a
predominately linear-gradient radial field at low energy to a
high-order nonlinear gradient field at GeV energies. All
designs can be physically realized with a good magnet design.

The isochronous condition in all machines restricts the
extraction/injection radii to specific ratios depending on the
relativistic velocity. As the energy becomes relativistic and
the change in velocity as a function of energy and momentum
decreases, the orbits become closer together with a corre-
sponding decrease in machine aperture. Eventually the tech-
nical design becomes impractical with the required nonlinear
field rise as machine radius becomes technically unachiev-
able in the GeV range (~2 GeV at extraction).

According to the new methodology described herein, mag-
netic fields can be produced that are dominated by linear field
gradients at low, nonrelativistic energies with field expansion
becoming increasingly nonlinear as the energy transitions to
a relativistic regime. The guide field magnets in these new
designs retain simple wedge shapes, but field components,
both linear and nonlinear, are systematically introduced to
achieve the more advanced machine dynamics and operation
required. The type and magnitude of the field content remain
dependent on machine geometry, energy reach and applica-
tion.

The innovation developed involves the addition of an
eighth, isochronous condition to seven fundamental dynam-
ics and geometric equations for stable tune and acceleration,
as presented in U.S. Pat. No. 7,880,146 (“the 146 patent™),
the entire disclosure of which is incorporated by reference
herein. According to this new isochronous condition, a solu-
tion for the seven fundamental equations exists that also
makes the revolution time constant. The radial magnetic field,
or B field, can be solved as a function of radius and magnet
parameters that preserves not only the required geometry and
stable tune conditions, but also the revolution time, i.e. inte-
grated path length scaled with velocity.

In an embodiment of the invention, the isochronous con-
dition and the seven fundamental equations are added to an
optimizer, or solver, which attempts to find solutions preserv-
ing all input accelerator dynamical conditions simulta-
neously. A strongly nonlinear field profile is particularly
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important for achieving isochronous orbits (CW operation) at
high, relativistic energies (~GeV) where cyclotrons break
down and synchro-cyclotrons (swept-frequency, not CW)
must be used. This invention is therefore particularly impor-
tant for high-power, high energy applications such as Accel-
erator Driven Systems (ADS), ATW, as well as low-power,
high-energy applications such as carbon cancer radiotherapy.
These applications require energies in an energy regime
where cyclotrons can become unfeasibly large or non-isoch-
ronous, or can encounter stability issues.

In the linear gradient case described in the *146 patent, 7
equations and 12 variable parameters were provided, and
therefore 5 of the parameters were specified to solve the set of
equations. For the *146 patent, the horizontal cell tune at
extraction that is specified in equation 2a (set forth below)
was set equal to the injection horizontal cell tune and propa-
gated to the other dimensions in la, 3a, and 4a (set forth
below) along with specification of an extraction drift and
periodicity. For higher orders of fields more constraints are
needed.

The eight equations, including the seven fundamental
equations and the new eighth equation are described in this
section. FIGS. 1 and 2 show the relation of the parameters in
the eight equations to the focus (F) and defocus (D) physical
magnet design.

The eight equations include thirteen variables listed below
which describe the physical attributes of the individual mag-
nets. Regarding the nomenclature of the variables, “e”and “1”
denote extraction and injection, subscripts “f”” and “d”, hori-
zontally focusing and defocusing magnets, and ‘f”, the thin
lens focal length. The thirteen variables include:

D, Drift distance between F and D magnets at extraction

L,sL,s L4 L, F and D Magnet half-lengths at injection and
extraction

B, B, B,x B,; F and D Magpet fields at injection and
extraction

dx,Distance from the injection orbit to the extraction orbitin
the F magnet

M My Linear edge angles for the F and D magnets

Nsectors Number of cells in the ring

In order to determine the magnetic fields of the F and D
magnets at injection and extraction (B, B_, B,,, B,,), the
extraction field is related to the injection field according to an
arbitrary conventional Taylor expansion of multipoles as
shown below. Therefore, the number of actual free parameters
depends on the order of the expansion. For example, to obtain
a linear gradient the number of free variables remains at four
(B,s a5 By a,), yielding a total of thirteen free parameters.
Each consecutive field order adds two additional free param-
eters. Although other expansions have been used (Legendre,
for example), a Taylor expansion is used here because it
represents the conventional description of multipole content
in a magnetic field. The order of the field varies depending on
the optimal solution and desired criteria and is therefore
selected by the optimizer. Not all of the field expansion coef-
ficients set forth below are required in all of the machine
designs, rather, the field expansions shown serve to indicate
the highest order used in the current machine designs.

Magnetic field expansion at extraction in F magnet:

Bep=Bogtauoptbdx’ ot RO ok d i o e 0% o /0 o
Magnetic field expansion at extraction in D magnet:
Bog=Boata D, b 0% o +C 087 d 0% e 807t
1
Magnetic field expansion at injection in F magnet:

By=Bota (8 - 8%)+b 8% 0, Y+ (O 0%, 4+
(6xe/—&xl-f)4+ej(6xef—&xif)5 +j§(6xe/—&xif)6

6

Magnetic field expansion at injection in D magnet:
Biy=B 0d+ad(axed_axid)+bd(axed_axid)2+cdg6xed_
8, (05 o 0,) e 40X o~ 0%,) 4

(0,7~ 0;4)

w

The field expansion is expressed in terms of variables rela-
tive to the extraction orbit; for example, dx,is the distance
from injection to extraction in the F magnet such that the
increasing values for the field correspond to increasing values
of radius. The value dx,,,is the distance from the point about
10 which the magnetic (B) field is radially expanded to the
position of the extraction orbit. At that expansion point, the
field has the value B, The value for this position variable,
dx, along with the variable B, ; is selected by the optimizer.
The general radial parameter, dx, which characterizes the
field profile, is a coordinate relative to the extraction orbit and
is not the same as the average physical radius, R, of the
extraction orbit used to compute the integrated path length of
the beam at extraction.

The extraction orbit often proves to be the most critical for
most designs because it generally requires the highest field
values and is used as the starting point in these machine
designs. It is possible to expand from the injection orbit, but
critical computational accuracy is lost in solving for a solu-
tion starting with small values and integrating to large ones,
thus compromising the optimizer when solving for the best
solution.

Once the magnetic fields of the F and the D magnets are
determined, in order to model magnetic focusing and deflec-
tion of the particle beam in the magnetic cell, the magnetic
field is treated as a thick lens. In the actual design, thick-lens
30 formulae are used to calculate and constrain the tune which is
given by the traces of the thick-lens linear matrices. The
following equations generate the half-cell tune or phase
advance in the horizontal and vertical for a FDF magnet
configuration as calculated from the half-cell thick lens matri-
ces, wherein a full cell is constructed from a half cell using

20

35 .
reflective symmetry.
2cospy =
40 coshvkg by sinhVky Ly [ Vg [ 10 Hl D}
Tr| X
Vg sinhvky Iy coshvkg Iy tanng /pg 1110 1
[ 1 0} cosylkp Iy singfky Lp [<Jks [1 D,}
45 “enngler VI fkysinky 1 cosyfkp £ [LO1
cosvha s sinvhg la [ Vha 10
2cospy =Tr [ }
—\/Esin\/ald cos\/Eld —tanng /pg 1
50 1 D 1 0
X
[0 1 } tanr]f/pf 1
coshyfks Iy sinfkg Iy [Jks [1 Dl}
o ks sinhgfkp 1 cosyfkpte 101
The matrices start at the midpoint of a long straight, which
is inserted between the two F magnets center, and end at the
center of the D magnet for an FDF magnet configuration, or
60

similarly, a long straight may be inserted between two D
magnets for a DFD magnet configuration. In these cases, the
thick-lens tune equations are not impacted, and only an addi-
tional parameter, a length of the long straight, is required. The
value of the long straight length is not free, but is fixed by the
5 designer.

Where one substitutes the magnet lengths at a specific
energy point (such as extraction), the drift is the distance

o
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between the F and D magnets and the gradient, k=B' is the
derivative of the B field at the chosen energy point. D, is the
halflength of a drift inserted between the F magnets as in FIG.
3 (this drift can also be inserted between the two D magnets in
a DFD configuration). The symbol ¢ is the phase advance or
tune across the half cell.

This phase advance or cell-tune tune relationship will be
used below to demonstrate different expressions for the same
constraint equations and to relate physical properties of the
magnet layout with the cell phase advance. It should also be
noted that a negative p reverses the sign of the edge crossing
term in the vertical equation. The edge-angle convention here
is opposite many conventional usages such that a positive
value of 1 corresponds to an outward bend wherein path
length increases from injection to extraction.

For a completely periodic magnetic field solution, or lat-
tice, as is the case in the designs here, the first four equations
serve to specify the machine tune at injection and extraction
(when multiplied by twice the number of half cells). In these
equations, frepresents a thin-lens focal length of the half cell,
which s related to the tune or phase advance of the halfcell by

. P
smz =Lyas | f

where L,,,,-is the half-cell length and ¢ is the full cell phase
advance. Forexample, for $=90°,=1.4L, ,, -where L, is the
sum of the two magnet half-lengths plus the intervening drift.
In the equations presented herein, the thin lens approxima-
tion is used in order to obtain a general equation form, fol-
lowed by an equation form representing the optimal linear-
gradient solution. The general equations reduce to a simpler
form when the field expansion is truncated after the first
coefficient and after the optimal solution is introduced.

b

O —0) +1; 1
k;fl;f+—+(( o = O) + 1) )
Pif i

=1/fg;
o !

B,~01s the optimized linear-gradient solution => 8,~0 and
p—>%; or
k.1, ~1/f,; for a linear gradient (coefficients=b=0)

kiaLig +

O + 1ia 2)
— =1/
o fia

i

reduces to

KiaLig + 12 =1/ fiy for By =0 and 8 =0 3
Pid

O Ter
keflep + — + — =1/,
T s b g

ef

using

where L, , is the length of the half cell
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and ¢ is the phase advance across a half cell, the focal
length can also be expressed as

sin(f) 4
S Y
(Les + Leg + D)
Oof + Ned
kealog+ 22— 1/ 5

Ped

Inthe general equations the phase advance or cell tune, 1/1,
is expressed independently for injection and extraction in the
vertical and the horizontal. For the case of a linear gradient,
the optimized and most stable solution required the magnetic
field at injection in the F magnet to be equal to 0. When this
null field is incorporated, the form of the equations reduces to
the equations presented in the *146 patent, which equations
may be solved analytically. These equations are:
la) 1/f,71/f,; (horizontal injection half cell tune=vertical

injection half cell tune)

for B,~0

Mid
kiLif = kialig + — =1/ fi;
Pid

2a) U1,71/1_; (horizontal injection half cell tune=horizontal
extraction half cell tune)=

sin( g)

kiglig = ———— =~
YT Ly + L+ D,)

3a) 1/f,71/1 ; relating the standard thin-lens expansions to
field/bend angles and edge angle

6,
ki Ly = kLo + T
Pef

Pef

4a) 1/, ~1/f,; set vertical injection half cell tune=vertical

extraction half cell tune

i Oor +
kigLig + LA Kealog + L2 e
Pid Ped

Geometric closure of reference orbits is imposed in the
fifth equation (set forth below), in which the net bend per cell
is set equal at injection and extraction. For abeam to circulate,
the net cell bend must be the appropriate fraction of 2r per
number of cells comprising a full ring:

O +0ia = O + Oci = Opaigcens 5)

=08, for 6 =0 (linear gradient optimal solution) with

Onatfeett = 7/ Nsectors (ring geometric closure condition)

The last two equations (set forth below) are geometric in
nature and describe the particle trajectory through a half cell
using the fact that magnetic lengths and drifts at injection can
be tied to extraction through a sector angle, edge angle and
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alignment of magnetic components, defining the physical
linear edge, extent of the magnet and orientation. The mag-
netic lengths at extraction and injection are connected via a
linear edge contour. For a constant edge angle, the length of
the magnet at extraction is equal to the length at injection plus
an additional contribution due to the angle cut of the magnet
edge and the distance between the two orbits, dx,.and dx,,,.
The derivations of the path length must also include the angle
of the trajectories through the F and D magnets at injection
and extraction, 0, 8,,, 6,5 and 8., The derivation assumes a
starting point at the center of the F magnet which is a sym-
metry point so all orbits are parallel which is propagated
across the drift, D, or D,, and then through the D magnet with
a varying crossing angle. The crossing angle which varies
with energy complicates the derivation through the D magnet.
Non-parallel orbits are one characteristic of a non-scaling
FFAG. The D magnet edge without the edge angle is aligned
parallel to the central axis of the F magnet, and the D edge
angle then rotates this edge away from this initial alignment to
afinal alignment relative to the F magnet central axis. Further,
for these last two equations, which are determined by the
geometry of the reference trajectory through the half cell,
particle dynamics are approximated by impulses delivered at
the center of the magnets. The reduction of the trigonometric
functions and setting the magnetic field at injection in the F
magnet to be equal to 0, or Bif=0, leads to the 2nd represen-
tation in equations 6 and 7.

L,fcos(0,9+sin(0,9tan (0 4n =L rcos(0 9 [&x;~L,,
sin(8,/] tan(0 n.7) 6)

reduces to
1.~ 1+0%,(0 1)) for 6,70

L ;008(0 9=L;;c08(0;9+0x,,5In(0,,4+0,9+[0%, +(L o+
Dysin(0;0~(L D, )sin(6,.9] tan(n,.,;)

reduces to

7

loq=lig+0%,5(0,4m ) for 8,0 and ), ;<<1

Isochronous Constraint Equation

An additional dynamical constraint equation is required to
make the orbits isochronous at injection and extraction. Keep-
ing the revolution time constant requires that the total path
length at extraction must scale relative to the path length at
injection by the ratio of the extraction velocity to the injection
velocity. The following equations are implemented with the
original seven constraint equations to impose an isochronous
dynamical condition on the solution(s):

3 8
R.(avg) = %Ri(ﬂl"g); )

where [ is the relativistic velocity

wherein the average extraction radius and injection radius are
given by the following equations in terms of the magnet
parameters and layout:

2L;i(halfcell) B Nsector(Ly + Lig + D; + Dy)
2n - n

9
Rilavg) =

2L, (halfcell) B Nsector(Les + Leg + De + Dy) 10)

R =
e(avg) 7 p

Subordinate Equations
The subordinate equations shown below describe D, and
0x,, in terms of the independent variables given above and
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represent the injection drift and orbit excursion in the D
quadrupole between injection and extraction, respectively.

Dyfcos(6;)-sin(0,Jtan(n, ;) ]=(L 4D, )cos(0 ~L,-cos
(8;9+[0x,+L,rsin(0,)—(L+D,)sin(0,9] tan(n,.;) 11)

o, cos(eid-i—el.f):f)xl.jl-i—Lihaysin(ey)—LEha,fsin(eef) 12)

These subordinate equations are important in that they
describe critical technical parameters: the drift between the F
and D at injection, D, (which cannot be allowed to be too
small) and the aperture in the D magnet, 8x,,.

Intermediate Energies

Equations at intermediate energies can be utilized prima-
rily at higher field orders to keep the tune from oscillating
outside of stable regions between injection and extraction.
This is a known property of nonlinear expansions, specifi-
cally field expansions, and not unique to this accelerator
design methodology. Nonlinear field magnetic systems are
commonplace in standard accelerator design. Synchrotrons,
for example, utilize sextupole and octupole corrector fields in
specific “families” to control tune as a function of energy or
offset from the reference orbit.

Although not required, intermediate energies facilitate the
optimizer search by limiting the solution set. This practice is
applied for isochronous performance by constraining the path
length between injection and extraction, especially at relativ-
istic energies where the velocity is a strongly nonlinear equa-
tion of momentum and therefore integrated B field. The inter-
mediate equations shown below are identical to those
describing injection and extraction as described above, where
n is simply a sequence number to identify the intermediate
point.

O ((Ber — Opp) +1i5) 13)
bngLyg + 2 4 LT < 1 s
Pnf Prf
Ous + 14)
bngLng + 2 =11 o
Prd

Orafcett = Oir +6ia = Opr +Oq 15)

Ly [cos(0yr) + sin(f, tan(Opr + )] = 16)

Lercos(Byr) = [0Xp — Lep sin(Or ) tan(@pr + 1767 );
Loycos(fy) = 17
Lygcos(Byf) + 0XpgSin(@g + Opp) + [0Xps +(Lyps + Dyp)sin(Bpir ) —
(Ler + D )sin(Br ) tan(n.q)

Applying the Isochronous Condition as presented above

. 18
Ry(avg) = %Ri(an); )

where [ is the relativistic velocity
wherein R (avg) is defined by:

2L, (halfcell) _ Nsector(Lys + Lug + Dy, + Dp)
2r - n

19
Rolavg) =

With the corresponding subordinate equations:

D, [cos(6,,)-sin(8, Jtan(n ;) ]=(L +D, )cos(0 )L,
cos(enf)+[6an+—Lnfsin(0nf)—(Lefi—De)sin(eef)] tan

M) 20)

8%, €08(0,,,7+0,, =0, 4L 3,21810(0,, 0L 1, 51N (0, ) 21)
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In an alternative embodiment, each cell includes a wedge-
shaped focus magnet with no defocus magnet, the F magnet
being configured to create a magnetic field so as to confine
and accelerate the particle beam and configured to focus the
particle beam in both a horizontal direction and in a vertical
direction. The focus magnet parameters are related by the
following equations, which include thin-lens approxima-
tions. In order to obtain vertical focusing and vertical beam
stability, n<0.

0, O — ) +1;
k‘.flif+_f+w:1/f‘f
pif Pir
i
-L =1/t
Pif
O Tef
kepLleg + — + — =1/ 1y
d Pef  Pef d
7
-L =1/t
Pef

Oir = Oop = Onaifeert
Lis [cos(8y) + sin(f; )tan(O, + 17.7)] =
Lercos(Byr) — [0Xi5 — Lepsin(@gp)tan(Bp + 1)
Dj[cos(@y ) — sin(@y Stan(Ber + 17r)] = (L + De)cos(fr) —

Lipcos(8y) + [6xy + Lipsin(0y ) — (Les + De)sin(fp) [tan(fr + 1er)

Re(avg) = %R;(avg)

2L;(halfcell)  Nsector(Liy + D; + Dy)
Ri(avg) = T = -
2L.(halfcell)  Nsector(Les + De + Dy)
Refavg) = ———— = - .
EXAMPLES

As examples of accelerators designed by the methods dis-
closed herein, we present the following designs in three
energy regimes:

a) Nonrelativistic 50 keV-6-8 MeV low-energy proton
accelerator with preliminary isochronous performance at the
level of +/-1%, which design applications include radioiso-
topes and neutron production;

b) Relativistic 30-330 MeV proton accelerators represent-
ing a momentum gain of 357%, with preliminary isochronous
performance at the level of <1.5%, which design applications
include hadron therapy, computed proton tomography, a
booster for carbon therapy and ADS; and

¢) Ultra-relativistic 0.25 and 0.33-1 GeV (kinetic energy)
proton accelerators, representing a momentum gain of 233%
and isochronous at the level of <3% in the revolution period,
which design applications include ADS and carbon hadron
therapy.

As described above, the optimizer is used to find solutions
to the set of fundamental equations given the imposed isoch-
ronous condition so as to solve magnetic component designs.
Acceptable ranges, however, can be imposed on almost any of
the parameters to achieve a stable dynamical solution within
given technical constraints. Technically infeasible designs,
for example, can be eliminated by setting limits to exclude
nonphysical magnet lengths and unachievable field strengths.
Other parameters, such as the magnet spacing, were also
chosen based upon technical considerations. By setting limits
on the extraction and injection radii, the footprint and aper-
ture of the machine can be controlled, often a critical design
consideration.
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The standard linear matrices that describe linear optics
with conventional magnet designs also neglect the angle term
in the Hamiltonian and extent of the fringe fields. Final con-
firmation of the magnetic field solutions, the lattice, is per-
formed by tracking the beam in an advanced accelerator code.
If the design is not stable, further design iterations using the
optimizer may take place until a satisfactory design is
reached.

For the isochronous machine designs presented herein, the
field profile was determined based on the energy regime, with
the reference radii scaling with velocity. In the nonrelativistic
regime, the field gradient is at most linear. As the momentum
deviates from direct proportionality to velocity at near rela-
tivistic proton energies (~100 MeV), nonlinear terms become
increasingly important. At the ultra-relativistic proton ener-
gies (several hundred MeV), the magnetic field rises strongly
with radius and a highly nonlinear field content is required.

Inthe description that follows, elements or features that are
the same or similar as corresponding elements and features
already described are denoted by the same reference numer-
als in the several views of the drawings and in the description
for simplicity. Inthe drawings, FI1G. 1 includes a layout of half
of'a configuration for a standard unit cell which utilizes a pair
of FFAG magnets. FIG. 1 consists of half of a horizontally
focusing (F) magnet on the left and half of a horizontally
defocusing (D) magnet on the right. Because the figure dis-
plays half of each magnet, it is reflected at either end to
produce the full-cell unit. FIG. 1 includes the following
parameters:

L, Trajectory length in half of the I magnet at extraction [m];
L, Trajectory length in half of the F magnet at injection [m];
L., Trajectory length in half of the D magnet at extraction

[m];

L,, Trajectory length in half of the D magnet at injection [m];
dx,,Distance from injection orbit to extraction orbit, center of

F magnet [m];

9%, Distance from injection orbit to extraction orbit, center of

D magnet [m];

D, Length of half the long straight section [m];

8, Angle of trajectory in half F magnet at extraction [rad];
0., Angle of trajectory in half D magnet at extraction [rad];
8, Angle of trajectory in half F magnet at injection [rad];
0,, Angle of trajectory in half D magnet at injection [rad];
m,rEdge angle of F magnet at injection [rad];

M. Bdge angle of F magnet at extraction [rad];

M, Edge angle of D magnet at injection [rad]; and

M., Edge angle of D magnet at extraction [rad].

As currently modeled, n,/n,/" the edge angle relative
to the sector angle at extraction as shown in FIG. 1. Also
NoiNii~Nz Which is the angle shown in FIG. 1.

FIG. 2 includes a layout of half of a configuration for a
standard unit cell which utilizes a pair of FFAG magnets and
includes the following additional parameters where B is
expressed in Tesla:
p.rRadius of trajectory in F magnet at extraction [m];

p,; Radius of trajectory in D magnet at extraction [m];
p.rRadius of trajectory in F magnet at injection [m];
p;z Radius of trajectory in D magnet at injection [m];
pef:Pextract/O'3Bef

ped:Pextract/O'3Bed

pif:Pextract/O':SBif

ped:Pextract/O'3Bed

In another embodiment, a straight, magnet-free section can
be inserted immediately before the half F magnet (effectively
at its centerline) and/or after the half D magnet (also at its
centerline). Insertion of a straight section for injection,
extraction or acceleration purposes at points of reflective
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symmetry minimizes the impact on the stable optics but
allows a powerful long section for acceleration, diagnostics,
injection and extraction purposes.

FIG. 3 shows an entire FFAG magnet system as con-
structed from four identical unit cells as shown in FIGS. 1 and
2 to form a recirculating ring layout for a 0.25-1 GeV
machine. The number of cells can vary depending on energy,
ring size, and magnet aperture.

FIG. 4 shows a 6- and a 7-cell configuration of a 0.33 to 1
GeV isochronous FFAG magnet system constructed from the
unit cell shown in FIGS. 1 and 2.

FIG. 5 shows the full ring layouts for 4- and 5-cell versions
ofa30-330 MeV isochronous FFAG accelerators constructed
from the unit cell shown in FIGS. 1 and 2.

As shown in FIG. 6, another unit-cell configuration utilizes
only wedge-shaped F magnets. The vertical beam envelope is
confined through edge focusing effects as is done in cyclotron
beam dynamics. This latter single-magnet ring is very similar
to a cyclotron with a strong gradient and has not been pro-
posed or implemented in any other work for a nonscaling
FFAG. Similarly, a long straight could be inserted at the
centerline of the F magnets effectively splitting each single
magnet into two components. In this embodiment, a strong
gradient causes strong edge focusing in the vertical via the
edge angle, thus much stronger than the “flutter” or vertical
tune of cyclotrons which have more constant radial fields and
dips or “valleys” in the azimuthal field rather than open
spaces between magnets. Further, with stronger tunes, long
spaces can be inserted at the midpoint of each F magnet to
enhance injection, extraction or insertion of devices into the
ring for various applications (such as targets for radioisotope
production). This new type of FFAG is the most compact
having no reverse bending fields.
4-8-MeV Machine Designs

In the nonrelativistic energy regime, a 4-cell 50 KeV to 8
MeV (kinetic energy) compact accelerator design was devel-
oped within a 6 cmto a 80-140 cm average radius, injection to
extraction, using the approach described and Mathematica®
for the optimization search and achieving an isochronous
condition of <0.5%.

In the nonrelativistic regime, the velocity is proportional to
momentum and momentum tracks the integrated magnetic
field. This linear proportionality translates into a predomi-
nately linear increase in magnetic field or path length (a
strong edge angle) with radius to maintain isochronous orbits.
This linear gradient or quadrupole field is superimposed on a
constant dipole field for the guide magnets. A linear gradient
without strong higher order multipole components was also
sufficient to contain the tune variation and permit beam sta-
bility (some curvature of the magnetic field gradient was
needed for optimizing isochronous trajectories starting about
6 MeV). General parameters of the 8-MeV machine are set
forth in Table la and Table 1b for a 1 T magnetic field
(electromagnet version) and a lower, 4 kG magnetic field
(permanent magnet version) as shown in FIG. 6, left to right,
respectively. There are no reverse magnetic fields in this
compact design, and vertical cell tunes are completely deter-
mined by the edge crossing term in the tune equation.

TABLE 1la

General Parameters of a 50 keV to 8 MeV nonscaling FEAG, 1T version

Parameter Unit Injection Extraction
Energy Range MeV 0.050 8.0
Tune/cell (v,/v,) 2m-rad 0.265/0.295 0.265/0.295
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TABLE 1la-continued

General Parameters of a 50 keV to 8 MeV nonscaling FFAG, 1T version

Parameter Unit Injection Extraction
Machine Tune (v,/v,)  2m-rad 1.060/1.180 1.060/1.180
Average Radius m 0.063 0.800
No. cells 4
Magnet spacing m 0.050 0.634
Field kG 10.34 10.52
Magnet Lengths m 0.049 0.622
Aperture m 0.737

TABLE 1b

General Parameters of a 50 keV to 8 MeV nonscaling FFAG, 4 kG version

Parameter Unit Injection Extraction
Energy Range MeV 0.050 8.0
Tune/cell (v,/v,) 2m-rad 0.251/0.186 0.251/0.186
Machine Tune (v,/v,)  2m-rad 1.004/0.744 1.060/0.744
Average Radius m 0.110 1.404
No. cells 4

Magnet spacing m 0.051 0.647
Field kG 4.16 4.20
Magnet Lengths m 0.122 1.003
Aperture m 1.294

330-MeV Machine Designs:

In the nonrelativistic-relativistic energy range, two 30-330
MeV nonlinear non-scaling FFAG lattices have been devel-
oped and are described below:

A 4-cell non-scaling FFAG based on a DFD triplet layout,

isochronous to £0.7% (FIG. 5 and Table 2).

A 5-cell non-scaling FFAG also based on a DFD triplet lay-

out, isochronous to £1.26% (FIG. 5 and Table 3).

Inthe below designs, hard-edge tunes and fringe fields will
decrease the vertical tune and raise the horizontal tune.

TABLE 2

General parameters for an initial 4-cell, 30-330 MeV FFAG.

Parameter Unit Injection  Intermediate  Extraction
Energy Range MeV 30 151 330
Tune/cell (v,/v,)  2m-rad 0.264/0.366  0.358/0.405 —/0.441
Machine Tune 2m-rad 1.056/1.464 1.432/1.620 —/1.764
W)
Average Radius m 1.923 4.064 5.405
No. cells 4
Magnet spacing m 0.435 0.539 0.613
Long straight m 2
Field F/D T 0.97/0.00 1.27/-0.70  1.51/-0.16
Magnet Lengths m 1.28/0.10 2.4/0.45 3.18/1.04
Aperture m 3.482
TABLE 3

General parameters 5-cell, 30 to 330-MeV FFAG.
Parameter Unit Injection  Intermediate  Extraction
Energy Range MeV 30 151 330
Tune/cell (v,/v,)  2m-rad 0.281/0.392  0.300/0.342  0.343/0.356
Machine Tune 2m-rad 1.124/1.568  1.200/1.368  1.372/1.424
W)
Average Radius m 2.983 5.063 6.428
No. cells 5
Magnet spacing m 0.493 0.523 0.549
Long straight m 2
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TABLE 3-continued

16
TABLE 6-continued

General parameters 5-cell, 30 to 330-MeV FFAG.

General parameters 7-cell, 0.33 to 1-GeV FFAG.

Parameter Unit Injection  Intermediate  Extraction Parameter Unit Injection  Intermediate  Extraction
Field F/D kG 1.07/-0.0 1.27/-0.7 1.53/-0.16 Field F/D kG 3.3/-0.07 3.3/-0.7 3.8/-3.0
Magnet Lengths m 0.94/.10 1.91/0.705  2.58/1.20 Magnet Lengths m 0.79/0.25 1.10/0.25 1.67/0.25
Aperture m 3.445 (ext-inj) Aperture m 0.772

1-GeV Machine Designs:

Several 1 GeV nonlinear isochronous nonscaling FFAG
lattices and magnetic field profiles have been developed:
A 0.25-1 GeV 4-cell nonscaling FFAG lattice based ona FDF

triplet magnet layout, with an isochronous performance of

*+3%.
A 0.33-1 GeV 6-cell nonscaling FFAG based on a DFD triplet
layout, with an isochronous performance of £0.9%.
A 0.33-1 GeV 7-cell nonscaling FFAG based on a DFD triplet
layout, with an isochronous performance of £1.2%.
In the below designs, hard-edge tunes and fringe fields will
decrease the vertical tune and raise the horizontal tune.

TABLE 4

General parameters 4-cell, 0.25 to 1-GeV FFAG.

Parameter Unit Injection  Intermediate  Extraction
Energy Range MeV 250 585 1000
Tune/cell (v,/v,)  2m-rad 0.380/0.237  0.400/0.149  0.383/0.242
Machine Tune 2m-rad 1.520/0.948  1.600/0.596  1.532/0.968
)
Average Radius m 3.419 4.307 5.030
No. cells 4
Magnet spacing m 0.289 0.405 0.505
Long straight m 2
Field F/D kG 1.62/-0.14  2.06/-0.31  2.35/-0.42
Magnet Lengths m 1.17/0.38 1.59/0.79 1.94/1.14
Aperture m 1.611

TABLE 5

General parameters 6-cell, 0.33 to 1-GeV FFAG.

Parameter Unit Injection  Intermediate  Extraction
Energy Range MeV 330 500 1000
Tune/cell (v,/v,)  2m-rad 0.297/0.196  0.313/0.206  0.367/0.235
Machine Tune 2m-rad 1.782/1.176  1.878/1.236  2.202/1.410
)
Average Radius m 5.498 6.087 7.086
No. cells 6
Magnet spacing m 0.696 0.618 0.500
Long straight m 2
Field F/D kG 1.5/-0.0 1.6/-1.4 1.8/-3.8
Magnet Lengths m 1.96/0.20 2.80/0.20 4.09/0.20
Aperture m 1.588

TABLE 6

General parameters 7-cell, 0.33 to 1-GeV FFAG.

Parameter Unit Injection  Intermediate  Extraction
Energy Range MeV 330 500 1000
Tune/cell (v,/v,)  2m-rad 0.250/0.250  0.243/0.242  0.252/0.251
Machine Tune 2m-rad 1.750/1.750  1.701/1.694  1.764/1.757
)

Average Radius m 4.354 4.816 5.651
No. cells 7

Magnet spacing m 0.300 0.374 0.502

Long straight m 2
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While the invention has been described with reference to
particular embodiments thereof, it will be understood by
those having ordinary skill the art that various changes may be
made therein without departing from the scope and spirit of
the invention. Further, the present invention is not limited to
the embodiments described herein; reference should be had to
the appended claims.

What is claimed is:

1. An accelerator system comprising:

a plurality of cells, each cell including a focus magnet and
a defocus magnet each configured to create a magnetic
field so as to confine and accelerate a particle beam, the
focus magnet being configured to focus the particle
beam in a horizontal direction and defocus the particle
beam in a vertical direction, and the defocus magnet
being configured to focus the particle beam in a vertical
direction and defocus the particle beam in a horizontal
direction,

wherein each of the plurality of cells is configured to con-
fine the particle beam in an isochronous orbit during
acceleration, and

wherein the accelerator system is a non-scaling fixed field
alternating gradient (FFAG) particle accelerator.

2. The accelerator system as recited in claim 1,

wherein the focus magnet is specified by the following
focus parameters:

BysB.sLisLosmp Bxif

wherein the defocus magnet is specified by the following
defocus parameters:

Bis Bew Lig Lo N 9%,y

wherein the accelerator system is completely specified by
the focus parameters, the defocus parameters, and the
following additional parameters:

De, a drill between components at extraction, and
Nsectors, a number of periodic cells;

wherein the injection drift (Di) and the injection and
extraction radii, R{(avg), R (avg), can be expressed in
terms of De, Nsectors, and magnet physical parameters;
and

wherein the focus parameters and the defocus parameters
are related, in a thin lens approximation, by the follow-
ing equations to confine the particles of the particle
beam in a dynamically stable and isochronous orbit dur-
ing acceleration:

O ((Oer = Or) + 1)
kiplg + —+ ——————=1/f,
e + o o i

O +1ia
kiaLig + ——2 — =1/f4

i

O e
kefLeg + — +— =1/
g Pef  Pef f¢

keaLeg +

Oc + Nea
—=1/f
Ped fea

O + 6ia = Opf + Oea = Opatfeent
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-continued
Lis [cos(8y) + sin(f; )tan(O, + 17.7)] =

Lercos(Byr) — [0Xi5 — Lepsin(@gp)tan(Bp + 1)
Loycos(Bgr) = Ligcos(Oy) + Oxigsin(Big + O) +
[6x;7 + (Lir + Dy)sin(@yr) — (Les + D )sin(Or )tan(neq)
Dj[cos(@y) — sin(f; tan(neq)] = (Les + De)cos(Ber) —
Liscos(B) + [0xir + Lissin(6yp) = (Leg + D, )sin(@, )]tan(n.q)
0xigcos(Big + Oir) = 0xir + Lipair sin(Gif ) — Lepayr 5in(@er)
Relavg) = %R;(avg)

2L;(halfcell)  Nsector(Liy + Liy + D; + Dy)
Riavg) = =

2n n
2L (halfcell)  Nsector(Ly + Leg + D, + Dy)
Relavg) = == — = - .

3. The accelerator system as recited in claim 1, wherein the
accelerator system includes a proton accelerator.

4. The accelerator system as recited in claim 3, wherein the
plurality of cells includes 4 cells, a magnet aperture is about
3.482 m, a long straight is about 2 m, and an isochronous
behavior is about +0.7%, wherein at an injection of the par-
ticle beam,

the particle beam includes a beam energy of about 30 MeV,

a radius of the particle beam is about 1.923 m,

an F/D separation includes a magnet spacing of about

0435 m,

the magnetic field of the F magnet is about 0.97 T,

the magnetic field of the D magnet is about O T,

a magnet length of the F magnet is about 1.28 m, and

a magnet length of the D magnet is about 0.10 m, and
wherein at an extraction of the particle beam,

the particle beam includes a beam energy of up to 330 MeV,

a radius of the particle beam is about 5.405 m,

an F/D separation includes a magnet spacing of about

0.613 m,

the magnetic field of the F magnet is about 1.51 T,

the magnetic field of the D magnet is about -0.16 T,

a magnet length of the F magnet is about 3.18 m, and

a magnet length of the D magnet is about 1.04 m.

5. The accelerator system as recited in claim 3, wherein the
plurality of cells includes 5 cells, a magnet aperture is about
3.445 m, a long straight is about 2 m, and an isochronous
behavior is about +1.26%, wherein at an injection of the
particle beam,

the particle beam includes a beam energy of about 30 MeV,

a radius of the particle beam is about 2.983 m,

an F/D separation includes a magnet spacing of about

0.493 m,

the magnetic field of the F magnet is about 1.07 kG,

the magnetic field of the D magnet is about 0 kG,

a magnet length of the F magnet is about 0.94 m, and

a magnet length of the D magnet is about 0.1 m, and
wherein at an extraction of the particle beam,

the particle beam includes a beam energy of up to 330 MeV,

a radius of the particle beam is about 6.428 m,

an F/D separation includes a magnet spacing of about

0.549 m,

the magnetic field of the F magnet is about 1.53 kG,

the magnetic field of the D magnet is about -0.16 kG,

a magnet length of the F magnet is about 2.58 m, and

a magnet length of the D magnet is about 1.20 m.
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6. The accelerator system as recited in claim 3, wherein the
plurality of cells includes 4 cells, a magnet aperture is about
1.611 m, a long straight is about 2 m, and an isochronous
behavior is about +3%, wherein at an injection of the particle
beam,
the particle beam includes a beam energy of about 250
MeV,

a radius of the particle beam is about 3.419 m,

an F/D separation includes a magnet spacing of about
0.289 m,
the magnetic field of the F magnet is about 1.62 kG,
the magnetic field of the D magnet is about -0.14 kG,
a magnet length of the F magnet is about 1.17 m, and
a magnet length of the D magnet is about 0.38, and
wherein at an extraction of the particle beam,
the particle beam includes a beam energy of up to 1000
MeV,

a radius of the particle beam is about 5.030 m,

an F/D separation includes a magnet spacing of about
0.505 m,
the magnetic field of the F magnet is about 2.35 kG,
the magnetic field of the D magnet is about -0.42 kG,
a magnet length of the F magnet is about 1.94 m, and
a magnet length of the D magnet is about 1.14 m.
7. The accelerator system as recited in claim 3, wherein the
plurality of cells includes 6 cells, a magnet aperture is about
1.588 m, a long straight is about 2 m, and an isochronous
behavior is about +0.9%, wherein at an injection of the par-
ticle beam,
the particle beam includes a beam energy of about 330
MeV,

a radius of the particle beam is about 5.498 m,

an F/D separation includes a magnet spacing of about
0.696 m,
the magnetic field of the F magnet is about 1.5 kG,
the magnetic field of the D magnet is about -0.0 kG,
a magnet length of the F magnet is about 1.96 m, and
a magnet length of the D magnet is about 0.20 m, and
wherein at an extraction of the particle beam,
the particle beam includes a beam energy of up to 1000
MeV,

a radius of the particle beam is about 7.086 m,

an F/D separation includes a magnet spacing of about
0.500 m,
the magnetic field of the F magnet is about 1.8 kG,
the magnetic field of the D magnet is about -3.8 kG,
a magnet length of the F magnet is about 4.09 m, and
a magnet length of the D magnet is about 0.20 m.
8. The accelerator system as recited in claim 3, wherein the
plurality of cells includes 7 cells, a magnet aperture is about
0.772 m, a long straight is about 2 m, and an isochronous
behavior is about +1.2%, wherein at an injection of the par-
ticle beam,
the particle beam includes a beam energy of about 330
MeV,

a radius of the particle beam is about 4.354 m,

an F/D separation includes a magnet spacing of about
0.300 m,

the magnetic field of the F magnet is about 3.3 kG,

the magnetic field of the D magnet is about -0.07 kG,

a magnet length of the F magnet is about 0.79 m, and

a magnet length of the D magnet is about 0.25, and
wherein at an extraction of the particle beam,

the particle beam includes a beam energy of up to 1000

MeV,
a radius of the particle beam is about 5.651 m,
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an F/D separation includes a magnet spacing of about
0.502 m,

the magnetic field of the F magnet is about 3.8 kG,

the magnetic field of the D magnet is about -3.0 kG,

a magnet length of the F magnet is about 1.67 m, and

a magnet length of the D magnet is about 0.25 m.

9. An accelerator system comprising:

a plurality of cells, each cell including a wedge-shaped
focus magnet configured to create a magnetic field so as

to confine and accelerate a particle beam and configured !

to focus the particle beam in both a horizontal direction
and in a vertical direction,

wherein each of the plurality of cells is configured to con-
fine the particle beam in an isochronous orbit during
acceleration, and

wherein the accelerator system is a non-scaling fixed field
alternating gradient particle accelerator.

10. The accelerator system as recited in claim 9,

wherein the focus magnet is specified by the following
focus parameters:
BysB.sLis Losmp Bxif

wherein the accelerator system is specified by the follow-
ing parameters:
Pis P L Ri(avg), R (avg)

wherein the focus parameters are related by the following
equations such that particle beam is confined to the
isochronous orbit during acceleration:

O ((Oer = O) + 1)
kifly + —+ —————— =1/f
e+ o o fir
i
=L =1/t
Pif

br e
kLo + L+ 2 174,

of ef

Nef
-—=1/fu
Pef

Oif = Oof = Onatfeelt
Lis[cos(8y) + sin(f tan(fs + ner)] =
Lercos(Byr) — [0Xi5 — Lepsin(@gp)tan(Bp + 1)
Dj[cos(@y ) — sin(@y Stan(Ber + 17r)] = (L + De)cos(fr) —

Ligcos(0y ) + [0xr + Lipsin(@y ) — (Les + D,)sin(@,p) tan(Or + ner)
R(avg) = %R;(avg)

2L;(halfcell) B Nsector(Liy + D; + D)

Ri(avg) = o =
2L (halfcell)  Nsector(Ly + D, + Dy)
Relavg) = ——— = . .

11. The accelerator system as recited in claim 9, wherein
the magnetic field is configured to increase with particle beam
radius so as to maintain the isochronous orbit of the particle
beam.

12. The accelerator system as recited in claim 9, wherein
the accelerator system includes a proton accelerator.

13. The accelerator system as recited in claim 9, wherein
the focus magnet is split into two components at a centerline
of the focus magnet.

14. The accelerator system as recited in claim 9, wherein
the plurality of cells includes 4 cells, wherein a magnet aper-
ture is about 0.737 m, wherein at an injection of the particle
beam,

20
the particle beam includes a beam energy of about 0.50
MeV,
a radius of the particle beam is about 0.063 m,
an F separation includes a magnet spacing of about 0.05 m,
5 the magnetic field is about 10.34 kG,

a magnet length of the F magnet is about 0.049 m, and
wherein at an extraction of the particle beam,

the particle beam includes a beam energy of up to 8 MeV,

a radius of the particle beam is about 0.800 m,

an F separation includes a magnet spacing of about 0.634

m,

the magnetic field is about 10.52 kG, and

a magnet length of the F magnet is about 0.622 m.

15. The accelerator system as recited in claim 9, wherein
the plurality of cells includes 4 cells, a magnet aperture is
about 1.294 m based on a maximum magnetic field, and an
isochronous behavior is about +0.5%, wherein at an injection
of the particle beam,

the particle beam includes a beam energy of about 50 keV,

a radius of the particle beam is about 0.110 m,

an F separation includes a magnet spacing of about 0.051

m,

the magnetic field is about 4.16 kG,

a magnet length of the F magnet is about 0.122 m, and
wherein at an extraction of the particle beam,

the particle beam includes a beam energy of up to 8 MeV,

a radius of the particle beam is about 1.404 m,

an F separation includes a magnet spacing of about 0.647

m,

the magnetic field is about 4.20 kG,

a magnet length of the F magnet is about 1.003 m.

16. A method for controlling and accelerating a continuous
particle beam in a non-scaling fixed field alternating gradient
particle accelerator comprising:

providing a plurality of cells, each cell including a focus

magnet and a defocus magnet each configured to create
a magnetic field so as to confine and accelerate the
particle beam, the focus magnet being configured to
focus the particle beam in a horizontal direction and
defocus the particle beam in a vertical direction, and the
defocus magnet being configured to focus the particle
beam in a vertical direction and defocus the particle
beam in a horizontal direction;

specifying magnet parameters and accelerator system

parameters such that a stable machine tune is obtained
for each cell; and

constraining a path length of the accelerator system

according to an isochronous condition.
17. The method as recited in claim 16, wherein the speci-
fying includes
assigning the following parameters to the focus magnet:
Bys B.s Lis Los mp 0%

assigning the following parameters to the defocus magnet:
B, Bews Liss Lo M 8%,y

assigning the following parameters to the accelerator sys-
tem:
pifs pefs Pia> Peas fs Ri(an)s Re(an)

relating the parameters using the following equations so as

to derive the magnet requirements:
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-continued
O N
keplep + — +— =1/f,
I Pef  Pef 4
Ocf + Nea
keaLeg + ———= =1/ f.q

ed
Oif +6iq = O + 6oy = Ongipecens

Lis[cos(8y) + sin(f tan(fs + ner)] =
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and wherein the isochronous condition is:

5 Re(avg) = %R;(avg), with
2L;(halfcell)  Nsector(Ly + Ly + D; + Dy)
Ri(avg) = o = — and

2L, (halfcell) B Nsector(Les + Leg + De + Dy)

10 R(avg) = e = P

Lepcos(Ber) — [0xip — Lepsin(@r )[tan(6gr + 1)

Loycos(Bgr) = Ligcos(Oy) + Oxigsin(Big + O) +

18. The method as recited in claim 16, wherein the particle

[6xys + (Lis + Dp)sin(By) — (Les + D, )sin(@,0)]tan(q) beam is a proton beam.
Dilcos(By) — sin(@ tan(og)] = (Lyr + D)cos(fy) — 15 19. The accelerator system as recited in claim 1, further
comprising a fixed-frequency radio frequency (RF) accelera-
Lipcos(Oy) + [0y + Lisin(0y) — (Lep + D, )sin(B,p)]tan(7,4) tion system.

0xigcos(Big + Oir) = 0xir + Lipair sin(Gif ) — Lepayr 5in(@er)

20. The accelerator system as recited in claim 1, wherein
20 the particle beam is continuously injected and accelerated.
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